Hyperglycemia is one of the most dangerous factors causing diabetic nephropathy. Salidroside is considered to have the effects of reducing oxidative stress damage and improving cell viability. This study was performed to investigate whether and how salidroside reduces high-glucose (HG)-induced apoptosis in mouse podocytes.
Background
Diabetic nephropathy (DN) is one of the most serious complications of kidney diseases and is the end-stage event of type 1 and type 2 diabetes mellitus [1] [2] [3] . Recent studies revealed that podocyte injury is a typical characteristic of DN [4] , but the pathogenesis of podocyte dysfunction remains poorly understood. Some research reported that high glucose enhances intracellular reactive oxygen species (ROS) generation and induces apoptosis [5] [6] [7] [8] , and a high concentration of glucose can promote apoptosis through inducing caspase family members such as Caspase-3 and -9 [9] [10] . Caspase-3 and -9 activation was reported to be used as an index for pro-apoptotic processes in vitro [11, 12] .
Salidroside is the major active ingredient in the plant Rhodiola rosea. It reduces oxidative stress damage and promotes cell viability [13] [14] [15] . It also has therapeutic effects in a variety of diseases [16] , such as diabetes, pneumonitis, cerebral artery occlusion [17] , coronary heart disease [18] , and malignant tumors. It is reported that salidroside can protect adrenal neuronal pheochromocytoma cells, hippocampal neurons [19, 20] , and neuroblastoma cells from oxidative stress injury and apoptosis through regulating the expression of heme oxygenase-1 (HO-1). HO-1 is regarded as the rate-limiting enzyme during the conversion of heme into free iron and plays an important role as an antioxidant [21, 22] . There have been increasing findings showing that HO-1 expression is regulated at the transcriptional level, and the combination of activated Nrf-2 and antioxidant response element (ARE) can promote HO-1 expression [23, 24] . It has also been reported that HO-1 induction might involve phosphatidylinositol-3-kinases/protein kinase B (PI3K/Akt), p38 mitogen-activated protein kinase (p38MAPK), and c-Jun N-terminal kinases (JNK) signaling pathways [24] [25] [26] [27] . Akt was also found to be a marker for cell survival [11, 12] .
Recently, salidroside was shown to possess hypoglycemic activity and play protective roles in experimental diabetes, but its mechanism is not clear [10, 17, 28] . We hypothesized that salidroside promotes HO-1 expression to protect podocytes from high glucose. In the present study, we investigated whether and how salidroside reduced high-glucose (HG)-induced apoptosis in mouse podocytes. The involvement of PI3K/Akt, p38MAPK, JNK, extracellular regulated kinase (ERK), and nuclear factorlike 2 (Nrf-2) was also studied.
Material and Methods

Cell culture
Mouse podocytes from the Cell Culture Center, Peking Union Medical College, Chinese Academy of Medical Sciences (PUMC, CAMS, Beijing, China) were used and cultured as reported previously. Podocytes were put into RPMI 1640 medium (Gibco BRL, Gaithersburg, MD) containing 10% fetal bovine serum (FBS, Gibco BRL, USA), 100 mg/ml streptomycin, and 100 U/ ml penicillin (Invitrogen, Carlsbad, CA) in a humidified atmosphere (5% CO 2 ). The cells were cultured in plastic dishes coated with type I collagen in RPMI 1640, with supplements of fetal bovine serum (10%), penicillin (100 U/ml), streptomycin (100 mg/ml), and mouse recombinant g-interferon (IFN-g, 10 U/ml). To induce differentiation, podocytes were cultured at 37°C without IFN-g for 1-2 weeks.
Podocyte phenotype was verified by analyzing mRNA level of the podocytes markers podocin and synaptopodin [12] . After achieving cell synchronization, the podocytes were cultured in normal glucose (NG, 5.5 nM) or high glucose (HG, 30 nM) condition for further studies. As osmotic control, cells were treated with NG and mannitol (24.5 nM) [9] . There was no decreased cell viability or elevated ROS production in the podocytes cultured in mannitol (24.5 nM) for 48 h.
Cell viability assay
Podocyte viability was checked by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma, St. Louis, Missouri, USA). After being treated with HG for 24 h, podocytes were exposed to salidroside (50 μM) for 24 h. Then, MTT (0.5μg/μl; Sigma, St. Louis, Missouri, USA) was added to the culture medium. Four hours later, cells viability was evaluated according to the manufacturer's instruction. The absorbance was assessed at 570 nm using an ELISA plate reader.
Measurement of ROS level
Dichlorofluorescein diacetate (DCFH-DA, Biotium, Hayward, CA, USA) was used to assess the ROS level in cells according to the manufacturer's instructions. Podocytes were cultured in 6-well plates with HG for 24 h and then treated with salidroside (50 μM) for 24 h. Then, the podocytes were incubated with DCFH-DA (20 μM) for 30 min. The relative fluorescence degree (fluorescence intensity) was examined at 485 nm excitation and 530 nm emission.
Measurement of podocyte apoptosis
Apoptosis was assessed using terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL; Promega, Madison, USA) assay according to the manufacturer's instructions. Cells were prepared and viewed with fluorescence microscopy. The percentage of podocytes that were TUNEL-positive was deter- 
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Knockdown of integrin-linked kinase (ILK), Nrf2, and HO-1 by siRNA
Podocytes were cultured in 6-well plates and were transfected with specific siRNA (10 nM, Santa Cruz, USA) and scrambled control siRNA (10 nM, Santa Cruz, USA) separately [29, 30] . After transfection for 12 h, the podocytes were treated with HG and salidroside. Western blot analysis was carried out to confirm knockdown of the target gene.
Western blot analysis
Western blot analysis was carried out to check the expression of apoptosis-related proteins. Protein was extracted and processed as described previously. Briefly, podocytes were lysed in buffer (2.5 mM Tris-HCl, 2% SDS, 10% glycerol, 1 mM PMSF, 2 μg/ml aprotinin, 2 μg/ml pepstatin, and 2 μg/ml leupeptin). A total protein (30 μg) was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (12%), followed by electroblotting onto nitrocellulose membrane. The membranes were detected with mouse antibodies directed to Caspase-3 and Caspase-9 (R&D system, Inc., Minneapolis, USA; concentration: 1: 500), or mouse antibodies directed to p-ILK, ILK, p-Akt, Akt, MAPKs (Abcam Co, Nanjing, China; concentration: 1: 500) and HO-1 (Abcam; concentration: 1: 1000), then incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibody for 1.5 h at room temperature. Finally, the membranes were washed with Tris-buffered saline including Tween-20 (0.1%). The signals were assessed using a chemiluminescence detection system (NEN Life Science, Boston, MA, USA). The intensity of the bands was measured using LabWorks 4.5. (UVP, Upland, CA, USA).
Statistical analysis
All tests were done at least 3 times. All data are expressed as means ± standard deviation. The comparison between 2 groups was done by independent-samples t test; the comparison among 3 or more groups was analyzed by ANOVA using SPSS software (version 15.0, Chicago, IL, USA). P<0.05 was considered as statistical significance.
Results
Salidroside improved HG-cultured podocytes viability via reducing apoptosis-related events
Podocytes cultured in HG showed lower cell viability ( Figure 1A ), higher ROS level ( Figure 1B ) and higher apoptosis cell rate ( Figure 1C ) compared with the control. HG induced ROS generation and apoptosis in podocytes. Podocytes cultured in HG plus salidroside showed higher cell viability, lower ROS level and lower apoptosis cell rate compared with that cultured in HG. This indicated that salidroside increased podocyte viability and reduced ROS level and apoptosis in HG environment. Besides, salidroside reduced the expression of Caspase-3 and Caspase-9 in HG condition ( Figure 1D ).
Salidroside promoted HO-1 expression
HO-1 expression level in podocytes increased after treatment with salidroside (10, 20, and 50 μM) for 24 h (Figure 2A ). In addition, salidroside promoted HO-1 expression in a dose-dependent ( Figure 2B ) and time-dependent manner ( Figure 2C ). Thus, in the following experiments, the expression level of HO-1 was assessed at the condition of 50-μM salidroside treatment for 24 h.
Salidroside decreased ROS generation and Caspase-3 and Caspase-9 expression by promoting HO-1 expression
To investigate the relationship between ROS generation, Caspase-3 and Caspase-9 expression, and salidroside-induced HO-1 expression in an HG environment, we used HO-1 inhibitor SnPPIX, and HO-1 siRNA. Podocytes were treated with HO-1 siRNA (10 nM) for 12 h or HO-1 inhibitor SnPPIX (10 μM) for 1 h [29, 30] and then cultured in the presence of salidroside for 24 h. The result showed higher ROS level and Caspase-3 and Caspase-9 expression HO-1 when podocytes were treated with siRNA ( Figure 3A, 3B) . Moreover, ROS level and Caspase-3 and Caspase-9 expression level increased in the presence of SnPPIX ( Figure 3C, 3D) . These results suggest that salidroside decreases ROS generation and Caspase-3 and Caspase-9 expression via promoting HO-1 expression.
Salidroside regulates Akt/ILK, MAPKs signaling pathway and modulates Nrf-2 localization
To investigate the signaling pathways involved in salidroside promoting HO-1 expression, we proposed PI3K/Akt and ILK pathways as candidates. After culturing in salidroside for 0.5-2 h, the expression level of phosphorylated Akt (p-Akt) and phosphorylated ILK (p-ILK) increased in a time-dependent manner ( Figure 4A, 4B) . The MAPK family members JNKs, ERKs, and p38 MAPK were also investigated to determine if they were involved in podocytes cultured in HG and salidroside. The result showed that the expression of phosphorylated p38 (p-p38) decreased after cells were cultured with salidroside for 5, 10, 15, and 20 min, and p-JNK and p-ERK expression levels increased ( Figure 4C, 4D ). p38 inhibitor (SB203580, 10uM) was further used to investigate the role of p38 MAPK, and the result was accordance with the above results ( Figure 4G ). JNK inhibitor (SP600125, 20 uM) decreased HO-1 expression ( Figure 4G ).
We further investigated the localization manner of Nrf-2, which is regarded as an upstream nuclear factor to activate HO-1 Figure 4E, 4F) . Moreover, Nrf2 localization was reduced by LY294002 (PI3K/AKT inhibitor, 50uM) and SP600125 (20 uM) to different degrees ( Figure 4H ).
Salidroside induced HO-1 expression through Akt/ILK signaling pathway
Specific siRNA or inhibitor were used to verify the signaling pathway in salidroside-induced HO-1 expression. Pre-treatment with LY294002 (50uM) or QLT0267 (the ILK inhibitor, 50 μM) decreased salidroside-induced HO-1 expression in the absence or presence of HG ( Figure 5A , 5B). Additionally, podocytes transfected with 10nM ILK siRNA showed decreased expression level of HO-1 in the presence of salidroside and HG, while the scramble siRNA did not show any reducing effect ( Figure 5C ).
Salidroside protects podocytes by promoting HO-1 expression via Akt/ILK, Nrf-2, and JNK pathways A further series of experiments were conducted to confirm the salidroside-induced signaling pathways. First, we investigated whether the effect of salidroside on reducing HG-induced ROS generation could be weakened by specific siRNA or inhibitor. Apoptosis rate and caspase-3 and caspase-9 expression were assessed using TUNEL assay and Western blot, separately. # Indicates P<0.05. compared with control using the independent-samples t test. * Indicates P<0.05 compared with high glucose group using independent-samples t test. SAL (salidroside). At least 3 independent experiments with 3 replicates per experiment were conducted.
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The results showed that specific siRNAs of ILK, Nrf-2, and HO-1 ( Figure 3A, 3B) , or SnPPIX and LY294002 could significantly increase ROS generation in the presence of salidroside and HG. Salidroside-inhibited Caspase-9/3 expression in HG was reversed by specific siRNAs of ILK, Nrf-2, and HO-1 or inhibitors of JNK, HO-1, and PI3K ( Figure 3C, 3D ).
Discussion
It is well known that hyperglycemia plays a crucial role in genesis and development of diabetic nephropathy in patients with diabetes mellitus [31] . Elevated ROS generation under hyperglycemia is the main cause of diabetic complications. It has been reported that excessive ROS generation induced by high glucose could start podocyte apoptosis, which plays a vital role in the pathogenesis of DN in animal models [10] . In accord with previous reports, the present study showed that HG enhanced ROS generation and cell apoptosis rate, and promoted the expression of apoptosis-related protein in podocytes.
Salidroside, a phenylpropanoid glycoside extracted from Rhodiola rosea, is a potent antioxidant. It was reported that salidroside suppresses oxidative stress in diabetic mice [32] . Moreover, Zhang et al. reported that salidroside provided antioxidant protection against hydrogen peroxide-dependent toxicity in neuronal cells via up-regulation of antioxidant genes such as HO-1, peroxiredoxin 1 (Nrf2-regulated genes), and anti-apoptotic genes [33] . Langer et al. studied the effect of metformin on cell apoptosis and on pro-/anti-apoptotic signaling in human podocyte and found metformin has an antioxidant effect of decreasing cell apoptosis [9] . In accordance with the above reports, salidroside also decreased HG-induced ROS generation and decreased cell apoptosis rate and increased podocytes viability.
HO-1 is an important member of antioxidation and anti-apoptosis family. It has been reported that, by upregulating HO-1 expression, hepatocyte apoptosis and oxidative stress can be greatly reduced [34] and endothelial ROS can also be reduced [35] . Moreover, cell death caused by oxidative stress was attenuated by up-regulation of HO-1 [36, 37] . In the present study, salidroside induced HO-1 expression in a dose-dependent and time-dependent manner. Moreover, once HO-1 is interfered with or inhibited, the protective effect of salidroside was lost under HG condition, suggesting the important role of inducing HO-1 in antioxidation and anti-apoptosis. PI3K/Akt is an important anti-apoptosis signaling pathway [9, 11, 12] . After being activated, PI3K/Akt upregulates the expression of HO-1, and has a synergistic effect with HO-1 in cell protection [38] . Some researchers have found that ILK promotes the expression of Caspase-3 and inhibits cell apoptosis through the PI3K/Akt pathway [39] . Eisenreich et al. showed that modulation of phospho-Akt was associated with changes in caspase-3 activation and apoptosis of podocytes [12] . This study also showed that salidroside induced p-Akt and p-ILK in a time-dependent manner. Moreover, co-incubation with PI3K inhibitor (LY294002) or ILK siRNA attenuates the effect of salidroside on reducing ROS and apoptosis-related protein, indicating that PI3K and ILK play important roles.
MAPKs consist of 3 primary signaling cascades: ERK, JNK and p38MAPKs; it regulates gene expression, cell proliferation, cell survival and death, and cell motility [40] [41] [42] . HO-1 can be induced by numerous stimuli that are known to enhance the activity of MAPKs. JNK mediates the induction of HO-1 gene expression by the glutathione depleter phorone in rat liver [43] . In our study, JNK inhibitor (SP600125) significantly decreased HO-1 expression, suggesting that salidroside probably protects podocytes through JNK.
Both Nrf2 and its downstream anti-oxidative protein HO-1 were involved in the antioxidant defense system in DN, and activation of the Nrf2 signaling pathway can promote HO-1 expression [24, 26, 44 . After activation, Nrf-2 in cytoplasm moves to the nucleus, where it promotes the transcription and activation of HO-1 after binding with ARE [23, 25, 27] . We found that 4074 salidroside treatment increased Nrf2 location, and specific siR-NA of Nrf2 significantly increased ROS level and the expression level of caspase-3 and caspase-9.
In the present study, the normal group received 5 mM of glucose and the HG group received 30 mM was used, consistent with previous studies [2, [7] [8] [9] . The doses of salidroside used in previous in vitro studies were in the range of 10-200 mM. In the present study, we used 50 μM salidroside, as suggested by our pre-study experiment and as used in previous studies [13] [14] [15] .
Conclusions
HG enhanced ROS generation, caspase-3 and caspase-9 expression, and apoptosis in podocytes. Salidroside treatment reduced HG-induced ROS generation and apoptosis via enhancing HO-1 expression. ILK/Akt, JNK, ERK1/2, p38 MAPK, and Nrf-2 are involved in salidroside-decreased podocyte apoptosis in HG condition. The present study suggests that salidroside has a potential role in protecting podocytes under HG condition. Our results show the important signaling pathways targeting on the induction of HO-1 are involved in the protective effect of salidroside on HG-cultured podocytes. However, the mechanism of salidroside in suppressing apoptosis is complex and needs further study. In vivo animal model studies are needed to verify the present findings.
